Abstract. This paper studies the feasibility of preparing unburned water permeable bricks with water-quenched silico-manganese (Si-Mn) slag as main aggregate and cement as adhesive. In this study, the characteristics of the Si-Mn slag were detected to recycle it efficiently, and five factors and four levels orthogonal table L 16 (4 5 ) was used to study the main factors on performances of the bricks and obtain optimum process parameters. The results show that the Si-Mn slag is porous and gray-green. It is of small particle size, high levels of SiO 2 -Al 2 O 3 -CaO, and it mainly contains glassy phase and less crystalline phases which make it has hydraulic and pozzolanic characteristics and good compatibility with cement. The main influence factor of the permeability and compressive strength are superplasticizer content and water-cement ratio. And the permeability and compressive strength of colorful double-layer permeable bricks with thickness of 5mm can be 1.08 × 10 -2 cm/s and 33.15 MPa.
Introduction
Silico-manganese (Si-Mn) slag is a by-product produced in silico-manganese (Si-Mn) alloy processing. The production of Si-Mn alloy in China was about 7.7 million tons in 2015 and 1.2 ~ 1.4 tons of slag were discharged to produce 1 ton of Si-Mn alloy [1] [2] . Thus, 9.24 ~ 10.78 million tons of Si-Mn slag was produced annually. But most of the slag was stored or dumped in landfill sites without effective utilization which lead to extra management cost, occupying vast expanses of land, water pollution and other environmental and safety problems [3] . Therefore, it has become an urgent problem to utilize the slag efficiently for the Si-Mn alloy producer.
Si-Mn slag has similar chemical composition with blast furnace slag and it was confirmed that the Si-Mn slag had pozzolanic and latent hydraulic properties, thus most researchers focused on using the slag as blending material in cements in recent years [1] [2] [3] [4] [5] [6] . Nath et al. [2] studied that the air-cooled Si-Mn slag was a supplementary cementing material and the process of mechanical activation or raising Blaine fineness can strengthen hydraulic properties. According to Nath et al. [4] , replacing blast furnace slag with granulated Si-Mn slag in Portland slag cement results in lower compressive strength at early ages, but it has similar strength after 28 days curing. The main hydraulic reaction product was C-S-H (C = CaO, S = SiO 2 , H = H 2 O) in the structure which was the key to improve the strength and durability of concrete [2, 5] . Sunmi Choi et al. [6] investigated the influence of CaO/SiO 2 mole-ratio on hydro-thermal reaction. It indicated that cement of the greatest strength developed under the condition of CaO/SiO 2 at a mole-ratio of 1.0. But the Si-Mn slag needs to be processed by coarse graining, levigating, mechanical activation before the preparation of the cement, and these processes can make it more difficult and expensive to recycle it.
With the acceleration of industrialization and societal modernization, more and more land is being used for construction. The impervious surfaces prevent rainwater infiltrating into the subterranean layer which are argued to result in increasing risk of flood, water pollution, urban heat island, as well as other social and environmental problems [7, 8] . As a consequence, many countries paid more attention to the permeable pavement systems [9] [10] [11] . In this study, recycling water-quenched Si-Mn slag directly by preparing unburned water permeable bricks is proposed.
Materials and Methods

Raw Materials
The raw materials of unburned water permeable bricks are water-quenched Si-Mn slag, Portland cement (strength degree of 42.5MPa), retail gravel (with the size of 2 ~ 6mm) and polycarboxylate superplasticizer. The slag was dried in an oven at 110℃ for 24h and then it was used for the analyses of chemical compositions, mineral phases and particle size distribution.
The Si-Mn slag is porous and in the color of gray-green. The chemical compositions were identified by ICP-AES and the results are shown in Table 1 . Water-quenched Si-Mn slag is mainly composed of SiO 2 , Al 2 O 3 and CaO (the sum of three oxides amounts for 78.68% of the total amount). Generally, the slag is porous structure, small particle size, high chemical compositions of SiO 2 -Al 2 O 3 -CaO and glassy phase, which makes it a good material to produce the water permeable bricks [3, 4] . 
Bricks Preparation
According to Chinese standards JC/T 945-2005 (Water Permeable Brick) [12] and GB/T 25993-2010 (Permeable Paving Bricks and Permeable Paving Flags) [13] , the brick samples should be made into the shape of φ75mm × 50mm for permeability test and 200mm × 100mm × 50mm for compression test. Preparing permeable bricks in the shape of 200mm × 100mm × 50mm would not only consume plenty of raw materials but also occupy much curing space. Therefore, this study proposed preparing sample bricks (φ75mm × 50mm) according to five factors and four levels orthogonal table L 16 (4 5 ) ( Table 2 ) to investigate performance of the prepared bricks and obtain the optimum process parameters. However, due to the size effect existing in concretes [14] [15] [16] , the sample bricks have lower compressive strength than standard size bricks (200mm × 100mm × 50mm) with the same ratios of raw materials and manufacturing conditions. Moreover, single-layer standard size bricks have a rough surface, and it is not conducive to extensive application. Therefore, colorful double-layer standard size bricks are prepared where the surface materials use fine particle size slag (particles size ≤ 0.34mm) mixed with 1 ~ 2 wt% of iron oxide red pigment. The bricks were prepared in the process of weighing the raw materials, mixing evenly with a blender, molding by a mould under the pressure and curing in a constant temperature humidity chamber for 28 days. 
Results and Discussion
Orthogonal Test
Orthogonal test analyses are shown in Table 3 . It indicates that the factors affecting the permeability are superplasticizer content > water-cement ratio > cement content > molding pressure > gravel content. In addition, the factors affecting compressive strength are water-cement ratio > molding pressure > cement content > gravel content > superplasticizer content. The superplasticizer is the main factor of the permeability but has smaller influence on compressive strength. The gravel content has no significant influence on both permeability and compressive strength. Therefore, the two raw materials are not included in the following preparation of standard size brick. 
Performances of Colorful Double-Layer Permeable Bricks
Based on our previous study, the colorful double-layer standard size bricks ( Figure 2 ) were prepared with water-cement radio of 0.34, cement content of 25 wt%, gravel content of 10 wt% and molding pressure of 5MPa. Figure 3 shows the performances of water permeable brick with different thickness of surface layer. It is found that increasing thickness of surface layer leads to the decrease of permeability and compressive strength. When the thickness of the surface layer are 5mm, the permeability and compressive strength of the bricks are 1.08 × 10 -2 cm/s and 33.15 MPa, respectively. It meets the national standard (1 × 10 -2 cm/s and 30 MPa).
Conclusions
(1) Water-quenched Si-Mn slag is porous and of small particle size. It is mainly composed of SiO 2 , Al 2 O 3 and CaO which amount for 78.68%, and it mainly contains glassy phase and small amount of crystalline phases.
(2) The main factors of the permeability and compressive strength are superplasticizer content and water-cement ratio , respectively.
(3) The permeability and compressive strength of the colorful double-layer permeable bricks with thickness of 5mm can be 1.08 × 10 -2 cm/s and 33.15 MPa.
